Gold nanoparticles (GNPs) have become popular substrates in nanoscience and nanotechnology for a broad range of biomedical^[@ref1]−[@ref4]^ and bionanotechnology^[@ref5],[@ref6]^ applications as well as for chemical, biological, and clinical diagnostic sensing.^[@ref7]−[@ref14]^ Besides their unique physical and chemical properties, also their size and size distribution play a key role for their functionality. Therefore, excellent control over properties like size, shape, chemical and colloidal stability, and in particular surface modification of GNPs is crucial in various applications. Thus, tools for their qualitative and quantitative analysis are of extreme importance, not only for quality control in (mass) production but also for health and environmental risk assessment.^[@ref15]−[@ref20]^

GNPs can be easily prepared by fast and straightforward size-controlled synthesis through the reduction of HAuCl~4~. The most frequently utilized method introduced by Frens and Turkevich^[@ref21],[@ref22]^ is based on the reduction and simultaneous stabilization with trisodium citrate. In this approach, the size of the nanoparticles can be finely controlled by the ratio of HAuCl~4~/reducing agent. Kumar *et al*. described a model for the formation of GNPs that depends on the correlation of citrate/gold ratio and GNP diameter.^[@ref23]^ In this study it is also reported that a stoichiometric ratio larger than 1.5 is needed for complete conversion of auric chloride.

Besides flexible size adjustment, the great popularity of GNPs originates also from their straightforward surface modification by formation of self-assembling monolayers (SAM) with thiol-containing bifunctional ligands.^[@ref8],[@ref24]−[@ref26]^ The bonding of functional ligands exploiting the strong dative bond of sulfur to gold atoms (40--50 kcal mol^--1^ with a strength close to gold--gold bond^[@ref27],[@ref28]^) provides chemically stable functional nanoparticles. This flexible surface functionalization makes this approach technologically attractive.^[@ref29]^

For many applications, knowledge of the surface coverage of functionalized nanoparticles would be useful, but is seldom reported. Only few papers deal with this issue. X-ray crystallography and density functional theory (DFT) studies have been performed to derive theoretical considerations on the ligand density of thiolate-protected gold complexes (Au~*n*~(SR)~*m*~) for small gold clusters with about 1 nm diameter in size (Au~10~--Au~144~).^[@ref27],[@ref30],[@ref31]^ However, gold nanoclusters have due to their ultrasmall size fundamentally different unique properties compared to the larger crystalline GNPs in which the optical properties are dominated by plasmon excitation and possess a collective nature (as opposed to the single-electron transition in gold nanoclusters).^[@ref30]^

The full-coverage phase, by definition, corresponds to the highest possible packing of the molecules; that is, the surface is saturated. Early studies of the structure of alkanethiols on Au(111) with molecular-level resolution reported diffraction peaks representative of a (√3 × √3) R30° structure relative to the underlying Au(111) substrate which corresponds to a molecule--molecule spacing of 5 Å and an area per molecule of 21.6 Å^2^ (about 4.6 molecules nm^--2^).^[@ref32]^ Up to now, experimental data on ligand densities, in particular of GNPs defined in the range of 10--100 nm are still rare.^[@ref15]^ Elzey *et al*. reported an average size-independent ligand packing density of 7.8 ± 1.2 nm^--2^ for 5--100 nm gold nanoparticles which were conjugated with 3-mercaptopropionic acid and analyzed by ICP--OES.^[@ref33]^ Packing densities of 4.97 ± 0.01, 4.58 ± 0.01, and 2.20 ± 0.03 ligand molecules nm^--2^ were determined by use of X-ray photoelectron spectroscopy (XPS) for GNPs modified with mercaptoundecanoic acid, mercaptohexanoic acid, and thioctic acid, respectively.^[@ref34]^ Techane *et al*. used XPS for the measurement of the carbon/Au atomic ratio of GNPs with carboxylic acid-terminated alkanethiol monolayers and their characterization dependent of both GNP diameter and alkyl chain length.^[@ref35]^ For a given surface the XPS carbon/Au atomic ratio increased with the chain length owing to the increased number of carbon atoms per molecule. Furthermore, it was shown for a given chain length an increase of the XPS carbon/Au atomic ratio and an increase of the apparent SAM thickness with decrease of GNP size which they explained by the increased curvature of the smaller particles. Lanterna *et al*. determined the degree of surface functionalization based on the shifts of localized surface plasmon resonance spectroscopy (LSPR) as a function of the number of molecules added per nanoparticle.^[@ref36]^ They report a surface density of around 3 molecules nm^--2^ (ranging from 2 to 5 molecules nm^--2^) for sulfur heterocyclic compounds and described the coverage as almost size-independent. However, they postulated a greater packing density with an increase of the length of the lateral chain changing from 1.2 ± 0.4 to 3 ± 1 molecules nm^--2^ for thiones with a ligand length of 1.2 and 2 nm, respectively. They explained this finding by enforced interstrand Van der Waals (VdW) interactions of ligands with longer chain length. Different labeling assays were explored by Xia *et al*. for quantifying the coverage density of HS-(PEG)~*n*~-NH~2~ ligands on the surface of gold nanostructures. By this indirect approach they found a decrease of coverage density with an increase of poly(ethylene glycol) (PEG) chain length. Coverage densities of 2.21, 1.33, and 0.21 per nm^2^ with the ninhydrin-based assay and of 1.64, 0.85, and 0.14 per nm^2^ with fluorescamine-based assay were determined for HS-PEG~3000~-NH~2~, HS-PEG~5000~-NH~2~, and HS-PEG~20000~-NH~2~, respectively.^[@ref37]^ Ratiometric surface-enhanced Raman spectroscopy with an isotope-encoded SERS reference was applied to determine the binding constant and packing density for mercaptobenzimidazole on GNPs *via* measurement of the amount of unbound ligand in the supernatant and fitting of the binding data to the Langmuir isotherm. Saturation capacities of 571 ± 4.6 pmol cm^--2^ were obtained^[@ref38]^ which would be equivalent to about 3.4 ligands per nm^2^.

In this paper, we describe a new method for the quantification of the surface coverage of self-assembled thiol ligands bound onto GNPs. This approach is based on the linear correlation between the gold-to-sulfur ratio and the size of SAM-coated GNPs, whereby the ligand density can be calculated from its slope. This method is independent of the nanoparticle concentration, and thus, losses of GNPs during sample preparation, for example, due to adsorption on vessel walls or due to washing steps, will not influence the results. On the other hand, the method needs an accurate determination of the nanoparticle diameter which was analyzed by TEM. Gold nanoparticles with ligands differing in chain length and hydrophilicity/lipophilicity ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) were analyzed by inductively coupled plasma mass spectrometry (ICP--MS). ICP--MS measurements for sulfur in the presence of gold were carefully validated by spiking and recovery experiments. The application of ICP--MS for simultaneous measurement of sulfur and gold turned out to be a robust method with relative standard uncertainties lower than 10%.

ICP--MS was demonstrated to be a powerful technique in metal nanoparticle analysis. Along this line, it was recently employed for quantitative analysis of GNPs as well as for size, size distribution, and elemental characterization with and without prior dissolving with aqua regia.^[@ref6],[@ref39]−[@ref48]^ Also the successful hyphenation of chromatographic and electrophoretic techniques with ICP--MS has been realized for characterization of GNPs.^[@ref49]−[@ref53]^ A combination of laser desorption/ionization and ICP--MS has been recently utilized for the determination of GNP monolayer stability.^[@ref54]^ However, it has not been propagated for surface coverage analysis *via* simultaneous gold to sulfur ratio determination.

###### Overview of Ligands Used for SAM Modification of GNPs and Their Properties

  ligand                         abbreviation   formula                                           MW       ligand length (nm)[a](#t1fn1){ref-type="table-fn"}   log *P*[b](#t1fn2){ref-type="table-fn"}
  ------------------------------ -------------- ------------------------------------------------- -------- ---------------------------------------------------- -----------------------------------------
  3-mercaptopropionic acid       MPA            HS--(CH~2~)~2~--COOH                              106.14   0.68                                                 0.43 ± 0.26
  11-mercaptoundecanoic acid     MUA            HS--(CH~2~)~10~--COOH                             218.36   1.71                                                 3.93 ± 0.24
  16-mercaptohexadecanoic acid   MHA            HS--(CH~2~)~15~--COOH                             287.49   2.35                                                 6.58 ± 0.24
  SH-PEG4-COOH                   PEG~4~         HS--(CH~2~CH~2~O)~4~CH~2~CH~2~--COOH              282.11   2.10                                                 --0.66 ± 0.54
  SH-PEG7-COOH                   PEG~7~         HS--CH~2~CH~2~(OCH~2~CH~2~)~7~OCH~2~CH~2~--COOH   458.57   3.52                                                 --2.09 ± 0.72

The molecular length was determined for a single molecule in vacuum with the most extended chain configuration. Conformations with minimal energy were obtained using the program package Gaussian 03.

The values for log *P* were calculated using ACD/log *P* DB (ACD/Laboratories, 7.00 Release. Product version 7.07).

Results and Discussion {#sec2}
======================

Theoretical Calculations {#sec2.1}
------------------------

If we assume a set of spherical GNPs saturated with a thiol ligand on the surface, the gold-to-sulfur ratio will depend directly proportionally on the volume-to-surface area ratio. Thus, with increase of diameter *D* the average number of gold atoms per GNP (*N*~Au/GNP~) will increase with cube^[@ref55]^while the number of sulfur atoms per GNP (*N*~S/GNP~) will increase with square and proportionally with the maximal coverage factor *k*~max~[eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.

Hence, by combining [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} it follows that under the assumption of spherical and monodispersed nanoparticles as well as complete saturation of the surface with a monolayer of thiol ligands, the Au/S ratio should increase linearly with the diameter [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}wherein *D* is the average diameter of GNPs (in nm), ρ is the density for fcc gold (19.3 g cm^--3^) and *M*~Au~ is the atomic weight of gold (196.97 g mol^--1^) (CAS7440-57-5). Since nanoparticles consist typically as more or less narrow distributions rather than strictly monodisperse particles, Au/S ratios represent also narrow distributions but are experimentally measured as ensemble-averages.

[Equation [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} allows the straightforward calculation of the maximum ligand density (i.e., the saturation capacity) *k*~max~ from the slope of plots of the Au/S ratio *versus* nanoparticle diameter assuming a constant and NP size-independent *k*~max~. The validity of this assumption is supported by [Supporting Information](#notes-3){ref-type="notes"}, Figure S2 which proves a linear dependency and thus a constant slope (statistical parameters see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). If the ligand density would change with nanoparticle diameter, the slope would change with *D* as well, and this would be materialized by a nonlinear relationship. If the surface coverage for a given ligand is known, the amount of bound ligand per nanoparticle can be easily calculated.

This method has the benefit of being nanoparticle-concentration independent and thus, unaffected by loss of GNPs, for example, during sample preparation and washing steps. Gold and sulfur concentrations and their ratio can be determined simultaneously by ICP--MS and are obtained as ensemble-averages of the particle distributions.

Determination of GNP Diameters, Size Distributions, and Shapes {#sec2.2}
--------------------------------------------------------------

To establish the correlation of [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}, GNPs of different sizes were synthesized according to the method by Frens and Turkevich.^[@ref21],[@ref22]^ Thus, citrate-capped GNPs were prepared by size-controlled synthesis at variable citrate/HAuCl~4~ (C/H) ratio between 2 and 6 and analyzed by TEM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a).

![Size and particle size distribution analysis of citrate-capped GNPs by TEM: (a) TEM images of GNPs prepared by different ratios of citrate to HAuCl~4~ (C/H) from 2 to 6, (b) dependency of GNP diameter on C/H ratio, and (c) polydispersity of GNPs as revealed by corresponding frequency distributions of particle sizes. The trend in panel b can be described by a logarithmic function.](nn-2012-06024a_0001){#fig1}

As expected and reported previously, C/H ratios in the range of 2--6 yield nanoparticles with average sizes between 26.2 ± 4.4 nm and 13.2 ± 1.4 nm in diameter ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). GNPs from these batches were used for all further studies. A logarithmic relationship was found between the C/H ratio and the GNP size ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), which can be readily utilized in a predictive manner for size-controlled synthesis. Statistical analysis of sufficiently large numbers of particles (\>200) in each TEM measurement gives access to information on representative size distributions and morphology. Like in a previous study,^[@ref35]^ it turned out that larger nanoparticles show wider size distributions ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) and less uniform spherical shape. Asymmetry factors defined as length-to-width proportion change from 1.21 ± 0.18 for the largest particles to less than 1.09 ± 0.09 for the small GNPs within the specified range of NP diameters.

In a subsequent step, the bifunctional ligands specified in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} were immobilized on the surface of GNPs by formation of SAM coatings. To ensure complete saturation of the GNP surface a large excess of thiol (\>10 fold) was used. Finally, the modified GNPs were washed several times to remove excess of unbound ligands.

Determination of Ligand Density {#sec2.3}
-------------------------------

The determination of the ligand coverage *via* the gold-to-sulfur ratio is based on the fact that each ligand on the nanoparticle surface carries a single sulfur atom only while gold atoms constitute the voluminous particle core. Thus, gold increases with cube and sulfur with square of the particle diameter *D*, providing a simple linear relationship between the Au/S ratio and *D*.

For ICP--MS measurements of the Au/S ratio, 2% HCl (v/v) was used for dilution of the samples and preparation of standards. The measured signal intensities were normalized to ^115^In as internal standard and blank corrected. A prior digestion step before introduction to ICP--MS was not necessary.^[@ref42]^ Quantification was accomplished by external calibration. Furthermore, spike recovery experiments were carried out to validate the sulfur measurement method and to make sure that the presence of gold will not affect the results. In accordance to the work of Jiang *et al*.^[@ref44]^ ICP--MS application for simultaneous measurement of gold and sulfur was found herein to be robust with relative standard uncertainties lower than 10% (for more information see [Supporting Information](#notes-3){ref-type="notes"}).

The ratio of Au/S as determined by ICP--MS was plotted against the GNP size for the distinctly modified nanoparticles. In fact, for each of the particles linear dependencies as described by [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} were observed (see Figure S2 of [Supporting Information](#notes-3){ref-type="notes"}). Thus, the ligand densities of the fully saturated GNP surfaces could be estimated from the slopes and are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} along with corresponding data of the regression functions.

###### Calculation of Ligand Coverage As Obtained from the Slope of Au/S Ratios (Measured by ICP--MS) *vs* GNP Size. Given are the Coefficients (Slope and Intercept) of the Linear Regression Function with Standard Errors

  ligand   slope         intercept     *R*^2^   coverage (S nm^--2^)
  -------- ------------- ------------- -------- ----------------------
  PEG~7~   2.32 ± 0.28   --2.3 ± 5.1   0.9595   4.29 ± 0.45
  PEG~4~   2.00 ± 0.12   --0.3 ± 2.1   0.9903   4.96 ± 0.27
  MHA      1.88 ± 0.08   --4.8 ± 1.5   0.9947   5.28 ± 0.21
  MUA      1.74 ± 0.04   --0.1 ± 0.7   0.9985   5.70 ± 0.13
  MPA      1.59 ± 0.17   --1.7 ± 3.1   0.9683   6.26 ± 0.59

![(a) Influence of ligand length on surface coverage (squares, red = mercapto-alkanoic acid, blue = mercapto-(PEG)~n~-carboxylic acid). (b) Total number of ligands per GNP as calculated from the results of panel a and particle size for the different types of surface modifications.](nn-2012-06024a_0002){#fig2}

It can be seen that the denseness and saturation capacity, respectively, strongly depend on the ligand type ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). With an increase of the spacer length, the ligand density dropped significantly from 6.3 molecules nm^--2^ for the short ligand MPA (spacer length = 0.68 nm) to 4.3 molecules nm^--2^ for the longer PEG~7~ ligand (spacer length = 3.52 nm) (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

This means that for short-chain ligand molecules slightly higher coverages can be achieved experimentally for GNPs as compared to small gold nanoclusters with (√3 × √3)R30° structure on Au(111) modified with alkanethiols for which theoretical calculations predicted a maximal upper density limit of ∼4.6 molecules nm^--2^.^[@ref26],[@ref56]^ The deviation can be explained by the occupancy of alternative binding sites (edges and corners). This trend of decreasing ligand density for longer-spaced ligands, on the other hand, is largely in agreement with experimentally determined data from Xia *et al*. for long HS-(PEG)~*n*~*-*NH~2~ chains.^[@ref37]^

However, it stands in contradiction to reports of Lanterna *et al*. who measured a slight increase of ligand density with an increase of alkyl chain length of sulfur heterocyclic compounds.^[@ref36]^ This increase with ligand chain length was explained by enforced intermolecular VdW interactions between ligand strands. Stronger VdW interactions with increase of ligand chain-length have also been reported by Techane *et al.*.^[@ref35]^ They studied the crystallinity of the SAMs of mercaptoalkanoic acids on flat gold by monitoring the positions of the CH stretching frequencies with FTIR-ATR analysis and described a well-ordered SAM of MHA also on 14 nm GNP. Our experiments revealed that GNPs modified with long chain ligands such as HS-PEG~7~-COOH, HS-PEG~4~-COOH, and MHA are more stable compared to the short-chain MPA-modified GNPs which could be due to interstrand VdW interactions in long-spaced analogues. Although interstrand VdW interactions may be a plausible reason for high surface coverages with longer alkyl chain ligands, our finding seems also to be reasonable. It may be postulated that sterical hindrance has a significant impact on the maximally achievable saturation capacity. This hypothesis is supported by the fact that no significant difference in surface coverages between the lipophilic MHA and the hydrophilic PEG~4~ ligands (log *P* values of 6.58 and −0.66; spacer lengths of 2.35 and 2.10 nm, respectively) was found (ligand density of 5.3 and 5.0 molecules per nm^2^, respectively). Stronger VdW interactions and higher surface coverage would be expected for the former if interstrand VdW interactions were the determinant factor for saturation capacities which, however, is not the case. Explanations are on the one hand the increase of the tilt angle with an increase of alkyl chain-length,^[@ref57]^ but also gauche defects and entropic contributions will become increasingly important for longer chains;^[@ref32]^ both contributing to the decreased coverage with an increase of ligand chain-length.

It is evident that the current ICP--MS methodology may be a valuable tool to quantify ligand densities on GNPs. With the maximal surface coverage in hand, one can calculate the average number of ligands attached to the surface of GNPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) and the actually available ligands per volume of GNP solution (see [Supporting Information](#notes-3){ref-type="notes"} for a detailed discussion), which is the practically relevant figure in many applications.

Conclusions {#sec3}
===========

We present a new method for determination of surface coverage of GNPs based on the linear relationship of the gold/sulfur (Au/S) ratio measured by ICP--MS, and the GNP size, measured by TEM. We found that the ligand density linearly dropped with increasing ligand chain length. The surface densities ranged between 6.3 molecules nm^--2^ for the short ligand MPA (spacer length = 0.68 nm) and 4.3 molecules nm^--2^ for the longer PEG~7~ ligand (spacer length = 3.52 nm). Thereby, no significant difference between lipophilic mercaptoalkanoic acid and hydrophilic mercapto-(PEG)~4~-carboxylic spacer was observed. It is obvious that the presented method should be equally useful for other metallic nanoparticles such as silver NPs, more so as the determination and analysis of silver nanoparticles with ICP--MS has already been described.^[@ref58],[@ref59]^

Methods {#sec4}
=======

Chemicals {#sec4.1}
---------

Gold(III) chloride trihydrate (auric chloride, HAuCl~4~ × 3H~2~O), trisodium citrate, 16-mercaptohexadecanoic acid (MHA), 11-mercaptoundecanoic acid (MUA), 3-mercaptopropionic acid (MPA), and *O*-(2-carboxyethyl-*O'*-2-mercaptoethyl)heptaethylene glycol (PEG~7~) were all obtained from Sigma-Aldrich (Vienna, Austria). Thiol-dPEG~4~-acid (PEG~4~) was obtained from Celares (Berlin, Germany). HNO~3~ (p.a. grade) and the ICP--MS standards (CertiPUR) indium, gold, and sulfur were obtained from Merck KGaA (Darmstadt, Germany). Both, the purified water and the 65% (w/w) HNO~3~ p.a. grade underwent one-step and two-step, respectively, sub-boiling in a distillation apparatus (MLS DuoPur, MLS, Leutkirch im Allgäu, Germany) for ICP--MS measurements.

Instruments and Methods {#sec4.2}
-----------------------

### TEM {#sec4.2.1}

For the TEM analysis, GNPs were deposited on standard support films of amorphous carbon spanning Cu grids. The grids were immersed in the GNP suspension. When the grids were withdrawn, the solution evaporated leaving a high number density of GNPs (typically \>100 GNPs μm^--2^). The Cu grids were transferred to the microscope using a single tilt holder. TEM images were acquired with a Philips CM200 (acceleration voltage 200 kV, equipped with a CompuStage goniometer, a CCD Camera System (Gatan Orius SC600) and a carbon free vacuum system). The point resolution of the microscope is 0.26 nm; previous investigations clearly demonstrated the resolution of Au~55~ clusters (diameter of 1.4 nm) deposited on amorphous carbon films similar to the present study. The magnification at the CCD camera was calibrated using standard calibration line and cross grating replicas with 1200 and 2160 lines mm^--1^ for low and intermediate magnifications, respectively. High magnifications were calibrated using graphitized carbon. This calibration was directly justified by obtaining lattice fringe images of the GNPs that showed a fringe spacing deviating by less than 2% from the spacing of (111) lattice planes. For statistical evaluation 200 particles were analyzed for each sample. Their diameter was determined by the average of length and width as estimation for a spherical model (*i.e.*, by (*l*~m~ + *w*~m~)/2, where *l*~m~ and *w*~m~ denote the arithmetic mean of the length and width, respectively).

### Inductively Coupled Plasma--Quadrupole Mass Spectrometry {#sec4.2.2}

The analyses were accomplished with inductively coupled plasma--quadrupole mass spectrometry (ICP--QMS, ICP--MS) instrument (ELAN DRC-e, PerkinElmer, Waltham, Massachusetts, USA) operated in dynamic reaction cell (DRC) operation mode using O~2~ as DRC cell gas. S is measured as ^32^S^16^O and/or ^34^S^16^O, which enables riddance of the oxygen interference present in the standard operation mode measuring at masses 32 and 34. ^197^Au and ^115^In were also measured in DRC mode in order to circumvent a switching between modes.

The DRC cell gas flow rate and the *R*~pq~ values were optimized prior to the analysis by means of ICP standard solutions of Au (*i.e*., 10 ng g^--1^) and S (*i.e.*, 100 ng g^--1^). Indium was used as the internal normalization standard added to all analyzed solutions with a final In concentration of 1 ng g^--1^. HCl (2% v/v) was recorded as a blank solution prior to analysis of each individual sample in order to monitor memory effects.

Preliminary studies of GNP samples yielded Au concentrations that were up to 60 times higher than the respective S concentrations (*i.e*., 83--150 ng g^--1^). Thus, the *R*~pa~ value was additionally optimized for Au measurements in order to decrease the Au signal and to avoid overloading of the secondary electron multiplier detector operated in dual mode when measuring S and Au simultaneously in the same solution. The Au signal reaching the detector was reduced to approximately 0.1% of the original signal by applying a *R*~pa~ value of 0.047. It was shown already by Jiang *et al*. in a validated method that the presence of Au even in high concentrations has a negligible effect on the intensity of ^32^S^16^O under DRC mode.^[@ref44]^ Operating parameters are given in ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}).

###### Instrumental Parameters for ICP--QMS (ELAN DRC-e)

  ----------------------------------------------- ------------------------------------------
  RF power/W                                      1300
  nebulizer gas flow/L min^--1^                   0.94
  auxiliary gas flow/L min^--1^                   0.7
  plasma gas flow/L min^--1^                      15
  DRC cell gas                                    O~2~
  DRC cell gas flow rate (S, Au, ln)/L min^--1^   0.65
  *R*~pq~ value                                    
  S                                               0.4
  Au                                              0.45
  In                                              0.4
  *R*~pa~ value                                    
  S                                               0
  Au                                              0.047
  In                                              0
  lens voltage (V)                                7.5
  analogue stage voltage (V)                      --2156
  pulse stage voltage (V)                         1200
  detector                                        Dual
  autolens                                        ON
  isotopes monitored                              ^32^S^16^O, ^34^S^15^O, ^197^Au, ^115^In
  scanning mode                                   peak hopping
  sweeps (reading)                                6
  readings (replicate)                            1
  replicates                                      15
  dwell time (ms)                                 50
  integration time (ms)                           300
  ----------------------------------------------- ------------------------------------------

All used flasks, test-tubes, and pipet tips were cleaned prior to usage according to a three-step purification procedure: (1) 24 h in a 10% (v/v) HNO~3~ bath; (2) 24 h in a 1% (v/v) HNO~3~ bath, and (3) rinsing with deionized water. The items were double seal-bagged using polyethylene bags.

Dilutions of samples and standard solutions were performed with 2% (v/v) HCl. HCl (2% v/v) was prepared by diluting 37% (m/m) HCl (p.a. grade, Merck KGaA, Darmstadt, Germany) with reagent grade type I water (18.2 MΩ cm at 25 °C, Purelab Classic, Veolia Water Systems Austria GmbH, Vienna, Austria). Both, the reagent grade type I water and the 37% (m/m) HCl were additionally purified by sub-boiling distillation (Savillex Corporation, Eden Prairie, MN, USA, and MLS DuoPur, MLS, Leutkirch im Allgäu, Germany) before use.

The measured signal intensities were normalized to the observed ^115^In intensity. Blank correction was performed by subtraction of the normalized blank intensity from the normalized signal intensities of the samples and the standard solutions. As 2% (v/v) HCl was recorded as blank solution prior to analysis of each individual sample, each individual sample was blank corrected with its respective blank. The ^197^Au, ^32^S^16^O and ^34^S^16^O concentrations (in ng g^--1^), respectively, were computed by using the *y* = *kx* + *d* relationships of the linear regressions resulting from the external calibrations. Afterward, the concentrations of ^197^Au, ^32^S^16^O, and ^34^S^16^O in mol g^--1^ were calculated by using the atomic weight of Au (196.97 g mol^--1^) and S (32.06 g mol^--1^), respectively. Finally, the ^197^Au/^32^S^16^O ratios were determined by dividing the ^197^Au and ^32^S^16^O concentrations expressed in mol g^--1^.

### Ligand Length Calculations {#sec4.2.3}

The molecular length of each ligand was determined for a single molecule in vacuum with the most extended chain configuration. Conformations with minimal energy were obtained using the program package Gaussian 03; log *P* values were calculated using ACD/log *P* DB (ACD/Laboratories, 7.00 Release. Product version 7.07).

Size Controlled Preparation of Citrate-Stabilized GNPs {#sec4.3}
------------------------------------------------------

Gold nanoparticles with different sizes were prepared according to the method described previously.^[@ref60]^ In brief, 50 mL of gold(III) chloride trihydrate solution in bidistilled water (final concentration 1.14 mM) was heated in a clean Erlenmeyer flask under stirring until boiling. All glassware and stirrer were cleaned before use with aqua regia, acetone, and bidistilled water. Under further heating, 5 mL of trisodium citrate (concentration varied depending on the final citrate/HAuCl~4~ (C/H) ratio in solution; C/H \> 2 for complete conversion of HAuCl~4~^[@ref23]^) was added and afterward the color changed to brown and red. All chemicals were prepared freshly before use.

Self-Assembling of Thiol Containing Ligands {#sec4.4}
-------------------------------------------

GNPs were derivatized by the self-assembly of bifunctional thiol containing reagents yielding a carboxylic functionalized surface. Therefore, 100 μL of 7 mM mercapto-alkanoic acid and mercapto-(PEG)~*n*~-carboxylic acid, respectively, were added to 1 mL of GNP solution and stirred overnight at ambient temperature. An overview about the ligands employed is given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The modified nanoparticles were washed 4× by centrifugation (13 400 rpm, 20 min, MiniSpin, Eppendorf) and resuspended in sub-boiled water.
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